metallic glasses was investigated by in situ TEM observation. The electron irradiation induced crystallization occurred in the supercooled liquid with nucleation and growth mode similar to that by thermal annealing. The electron irradiation accelerated crystallization resulting in different size and morphology of precipitates from those by thermal annealing. There was no significant difference in phase selection and crystallization mode of supercooled liquid between thermal annealing and electron irradiation, while electron irradiation induced crystallization behavior of an amorphous phase was different from that of thermal crystallization.
Introduction
Thermal crystallization from an amorphous phase is known to be an effective method to obtain a nano structure. Recently, electron irradiation was found to induce not only amorphization of a crystalline phase [1] [2] [3] [4] but also crystallization of an amorphous phase. [5] [6] [7] [8] [9] The electron irradiation induced crystallization of metallic glasses is expected to be a new method to control phase selection and nano structure to improve the mechanical and functional properties.
Metallic glasses are known to show glass-to-supercooled liquid transition and the supercooled liquid exists in the temperature range between the glass transition temperature (T g ) and the onset of crystallization temperature (T x ). In metallic glasses, crystal-to-supercooled liquid (C-SCL) transition or supercooled liquid-to-crystal (SCL-C) transition may occur under electron irradiation. But few experimental reports about SCL-C and C-SCL transitions above T g were reported to date, [10] [11] [12] although electron irradiation induced amorphization and crystallization in metallic materials below T g were investigated in various alloy systems.
In the present study, electron irradiation induced crystallization of supercooled liquid were investigated in Zr-based binary Zr 66:7 Cu 33:3 and ternary Zr 65 Al 7:5 Cu 27:5 and Zr 60 -Al 15 Ni 25 metallic glasses focusing on phase selection, size and morphology of precipitates compared with those by thermal annealing. 13, 14) Rapidly quenched ribbon was produced from the ingots by a single roller melt-spinning method at a roll surface velocity of 42 ms À1 in the Ar atmosphere. Amorphous single phase with no crystallinity was confirmed by X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM) observation and high resolution transmission electron microscopy (HREM) image. 12, [15] [16] [17] [18] Thermal properties were evaluated by DSC analysis at a heating rate of 0.67 Ks À1 . Thin foils for electron irradiation were prepared from the ribbon by twin jet polishing in a solution of 30% nitric acid and 70% methanol at about 243 K. The foils were electron irradiated by an ultra-high voltage electron microscope (UHVEM) H-3000 in Osaka University. The acceleration voltage was 2.0 MV and the applied dose rate was between 1:5 Â 10 24 and 1:1 Â 10 25 m À2 s À1 for an amorphous phase and supercooled liquid. Electron irradiation was performed at the temperature between 552 and 743 K using a special holder for high temperature electron irradiation. In situ observation of the bright field (BF) image and selected area diffraction (SAD) pattern during electron irradiation was performed by UHVEM at 2.0 MV. Effect of additional electron irradiation during in situ TEM observation was negligible because of the low dose rate. Structure of the ribbon was also examined by X-ray diffractometry using Cu-K radiation, conventional TEM at the acceleration voltage of 300 kV and HREM at the acceleration voltage of 200 kV. To examine change in microstructure of supercooled liquid during thermal crystallization, partially and fully crystallized specimens were prepared by thermal annealing in an evacuated quartz capsule. Figure 2 shows TEM microstructures of partially and fully crystallized specimens annealed at the temperature higher than T g by about 20 K. In partially crystallized specimen in Zr 66:7 Cu 33:3 alloy (a), C11 b -Zr 2 Cu precipitates with average grain size of 2 mm are embedded in an amorphous matrix. The fully crystallized structure with micro-meter order C11 b -Zr 2 Cu precipitates is shown in Fig. 2(d) . There is no significant difference in thermal crystallization behavior between the supercooled liquid and amorphous phase; (1) phase selection, (2) crystallization mode of nucleation and crystal growth and (3) coarse polycrystalline structure formation. [16] [17] [18] Fig. 2(c) and (f), and that obtained electron irradiation induced crystallization in Zr 66:7 -Cu 33:3 alloy shown in Fig. 3 . The crystalline precipitates were identified as Zr 6 Al 2 Ni and metastable f.c.c.-solid solution phases in the present study, which is same as those at 743 K in the previous study.
Experimental Procedure
12 ) The precipitates formed by thermal annealing and electron irradiation show different morphology, namely, needle-like morphology by thermal annealing and spherical morphology by electron irradiation. It should be noticed that electron irradiation induced crystallization behavior of supercooled liquid is nucleation and growth mode in Zr 60 Al 15 Ni 25 alloy.
The temperature dependence of electron irradiation induced crystallization of an amorphous phase and supercooled liquid at the temperature near T g was investigated in Zr 66:7 -Cu 33:3 alloy in detail.
10) The crystalline size decreased with decreasing irradiation temperature, while there was no difference between the phase selection and crystallization mode at around T g . Such tendency was also observed in Zr 65 Al 7:5 Cu 27:5 and Zr 60 Al 15 Ni 25 metallic glasses in the present study. For a typical example, Fig. 4(i) shows TEM microstructure and corresponding SAD pattern of an amorphous phase in Zr 65 Al 7:5 Cu 27:5 alloy during 2.0 MV electron irradiation at 626 K lower than T g by about 20 K. Nanocrystalline structure was similar to that obtained by electron irradiation induced crystallization of supercooled liquid. liquid as well as an amorphous phase in Zr-based metallic glasses.
Discussion
Electron irradiation induced crystallization of supercooled liquid was observed in Zr 66:7 Cu 33:3 , Zr 65 Al 7:5 Cu 27:5 and Zr 60 Al 15 Ni 25 alloys. The origin of electron irradiation induced crystallization of an amorphous phase and supercooled liquid region in binary Zr 66:7 Cu 33:3 alloy was discussed in the previous study based on two factors; (1) promotion of atomic diffusion by mechanical atomic displacement introduced by electron knock-on effect enough for phase transition, and (2) high phase stability of crystalline phase enough to maintain the original structure against electron irradiation. Table 2 , together with those of an amorphous phase. From the viewpoint of phase selection (a), nanocrystalline structure formation (b) and crystallization mode (c), there is no significant difference in crystallization behavior of supercooled liquid between thermal annealing and electron irradiation. In-situ TEM observation in Figs. 3 and 4 clearly indicates that electron irradiation promotes the crystallization of supercooled liquid and induces different size and morphology of precipitates from those by thermal crystallization. At the temperature above T g , thermal recovery of lattice defects in a crystalline phase is high enough to maintain its original structure under electron irradiation. In supercooled liquid, the irradiation introduce free volume which may promote atomic diffusion. Electron irradiation only accelerates the thermal crystallization of supercooled liquid, while there is a great difference in crystallization behavior of an amorphous phase between thermal annealing and electron irradiation.
Conclusion
Electron irradiation induced crystallization behavior of supercooled liquid in Zr-based metallic glasses of binary Table 2 Characteristics of crystallization behaviors of an amorphous phase and supercooled liquid by thermal annealing and electron irradiation; (a) phase selection, (b) nano-crystalline structure formation, and (c) crystallization mode. cooled liquid are different from those by thermal crystallization, there is no significant difference in phase selection between electron irradiation and thermal annealing.
